We present a sample of 209 variable objects -very likely optical counterparts to the X-ray sources detected in the direction of the Galactic center by the Galactic Bulge Survey (GBS) carried out with the Chandra satellite. The variable sources were found in the databases of the OGLE long term survey monitoring regularly the Galactic bulge since 1992. The counterpart candidates were searched based on the X-ray source position in the radius of 3. ′′ 9.
Introduction
Recent years have been witnessing an enormous progress in the X-ray astronomy thanks to many satellite missions with continuously more sensitive state-ofthe-art detectors. The number of detected X-ray sources increased rapidly. For example, the surveys of the Magellanic Clouds led to the discovery of tens of new X-ray pulsars (Coe et al. 2005) and AGNs (Kozłowski et al. 2012) , Galactic center survey discovered more than thousand new X-ray sources toward the Galactic center (Jonker et al. 2011) , the XMM-Newton catalog of serendipitous X-ray sources includes almost 200 000 objects (Watson et al. 2009), Proper classification and then interpretation of an X-ray source usually requires additional observations in other wavelength bands, usually in the optical or IR range. Therefore, it is crucial to find the X-ray source counterparts in these bands, if the data exist.
The accuracy of positions of X-ray sources detected by the modern instruments is comparable to that obtained in the optical range. This in principle can make the cross-identification of the optical counterparts relatively straightforward. Indeed, it is often true in empty stellar fields, where the X-ray position unambiguously points to an object. The situation is, however, much more difficult in dense stellar fields such as the Magellanic Clouds or Galactic center, where one can detect even several dozen objects within the X-ray position error box. In such cases positive cross-identification can often be non-trivial.
On the other hand, the photometric variability of an object located close to the X-ray source position can be a very good indicator of its close relation with the detected X-ray source. It is well known that many different types of variable objects emit X-rays, for example, all types of cataclysmic variables, low and high mass Xray binaries, chromospherically active and spotted stars, long period variables etc. Thus, the detection of optical variability in an object located in the X-ray position error box practically proves correctness of the cross-identification.
What is more important, variability provides many additional information on the X-ray system for its proper classification and detailed studies of its structure. For example, the detected periodicities can be interpreted as related to orbital or rotational periods. Observed flares or flickering can provide information on the rapid phenomena occurring in accreting systems or on stellar chromospherical activity.
Here, we present the results of our search for variable objects located at the positions of the X-ray sources detected by the Galactic Bulge Survey (GBS, Jonker et al. 2011) . Altogether, we have found 209 variable optical objects that can be considered as the optical counterparts to X-ray sources detected by the GBS survey. For all of them we provide their basic classification and light curve parameters. The photometric data are available from the OGLE Internet archive (see Section 5).
Observational Data
The X-ray sources analyzed in this paper were detected by the GBS project (Jonker et al. 2011) . They list 1234 sources detected by the Chandra satellite in two regions located symmetrically along the Galactic plane: −3 • < l < 3 • , 1 • < |b| < 2 • , i.e., covering 12 square degrees near the Galactic center and avoiding the highest extinction regions close to the Galactic plane. The GBS catalog provides the positions of the detected sources with typical accuracy of about 0. ′′ 25 in right ascension and declination, although in rare single cases the accuracy of position can be worse than 1. ′′ 5.
The main optical dataset comes from the fourth phase of the Optical Gravitational Lensing Experiment (OGLE-IV). Observations were collected between March 2010 and June 2012 (and the data are still being collected as the OGLE-IV project continues). The 1.3-m Warsaw Telescope located at Las Campanas Observatory, Chile, operated by the Carnegie Institution for Science was used with the OGLE-IV 32-chip mosaic camera covering approximately 1.4 square degrees on the sky with the scale of 0.26 arcsec/pixel.
As the OGLE-IV survey focuses on variability, observations have been carried out mostly in the I-band filter. About 10% images are taken in the V-band to secure color information. The cadence of observations depends on the field. In the regions where the gravitational microlensing phenomena (main target of the OGLE-IV survey in the Galactic bulge) occur most frequently the cadence is very high reaching one observation per 18 minutes. Other fields are observed less frequently but typically not less than one observation per one/two nights during the mid observing season is obtained. The OGLE-IV light curves presented here have from more than 5000 to 100 epochs in the highest and lowest cadence fields, respectively. Fig. 1 shows the map of the Galactic center with the coverage by the OGLE-IV survey. It can be compared with the map of GBS survey coverage (Fig. 1, Jonker et al. 2011) .
The exposure time of I-band images was set to 100 s and to 150 s for the V-band frames. Because of very high stellar density, observations of the Galactic bulge are conducted only during good seeing (less than 1. ′′ 8) and transparency conditions.
Photometry of all objects located in the OGLE-IV Galactic center fields is derived with the image subtraction method (Alard and Lupton 1998 , Alard 2000 , Wozniak 2000 . The data pipeline is based on slightly modified OGLE-III data pipeline (Udalski 2003) . At the time of this analysis photometry of the fields marked with the red borders in Fig. 1 was accessible. The databases of these 58 OGLE-IV fields contain photometry of about 250 million stars. OGLE-IV photometry has so far been only roughly calibrated and the uncertainty of the zero point may reach 0.1-0.15 mag.
Astrometry of the OGLE-IV fields was derived in the identical way as for the OGLE-III photometric maps (Szymański et al. 2011 ) and tied to the 2MASS survey coordinate system. Comparison of the positions obtained for thousands of cross- Fig. 1 . Map of the fields observed by the OGLE-IV survey in the Galactic bulge colored according to the cadence of observations. Dashed white lines mark the equatorial and Galactic coordinate grids (every 5 • in l and b ). Red field borders indicate fields with photometry available for analysis presented in this paper.
identified stars in OGLE-III and OGLE-IV images indicates the internal accuracy of the astrometry at the 0. ′′ 1 level.
OGLE-IV observations cover the largest area overlapping with the sky surveyed by the GBS compared to the previous OGLE phases. However, because of some small "dead" regions on the sky caused by the gaps between detectors of the OGLE-IV mosaic camera and the lack of OGLE-IV photometric databases from a few fields closest to the Galactic plane which still await calibration, supplementary optical data from the OGLE-II (Udalski, Kubiak and Szymański 1997) and OGLE-III (Udalski 2003) phases were also analyzed. These two datasets were also collected with the 1.3-m Warsaw telescope at Las Campanas Observatory but with previous generation CCD cameras. OGLE-II observations were conducted in the years 1997 and OGLE-III 2001 -2009 with typical cadence of one/two observations per night. It is worth noting that while the bright unsaturated limit of the OGLE-III and OGLE-IV photometry is approximately similar, OGLE-II data cover up to 1-1.5 mag brighter objects.
Search for the Optical Counterparts to the X-ray Sources
Search for optical counterparts to the GBS survey X-ray sources was performed in a few steps. First, based on the X-ray positions we selected a subsample of Xray sources that fall into the regions of the sky for which OGLE-IV databases are currently available. From 1234 sources listed in the GBS catalog 836 passed this cut. However, a subset of this sample cannot be searched for variability. Some of the X-ray sources are located in the gaps between the CCD detectors of the OGLE-IV mosaic camera on the reference images, some are located so close to the edges of the observed area that due to imperfections of the telescope pointing the number of collected observations is too small for variability analysis. After removing such X-ray sources, we were left with a total of 782 objects for further analysis.
In the second step, we removed from the sample all cases where the X-ray position closely points to a bright object which is overexposed on the OGLE-IV reference image and thus its photometry is unavailable. In most cases the coincidence of the X-ray and optical positions is so good that these stars are very likely the optical counterparts to the X-ray sources. Photometry from shallow surveys like the ASAS survey (Pojmański 2002) should be checked to search for variability in this subsample. There were 87 such cases in our OGLE-IV sample and they were removed in this step.
Finally, we retrieved the OGLE-IV photometry of all objects located within the conservative radius of 15 pixels (3. ′′ 9) around the X-ray position for all the remaining sources. The size of the circle is well over 3σ X-ray position error for the vast majority of the analyzed X-ray sources. Depending on the stellar density of the field, from a few to several dozen objects were extracted inside each circle.
All extracted stars were searched for optical variability. First we performed a period search to extract periodic variables. We used the FNPEAKS code kindly provided by Z. Kołaczkowski and, independently, the code based on AOV algorithm (Schwarzenberg-Czerny 1989) . After the determination of tentative periodicities all these objects were visually inspected and the periods were refined, if necessary. Next, all the non-periodic stars were also inspected visually to look for irregular variable stars. Finally, the positions of all selected variable stars were double checked on the reference images and subtracted images to verify correct identification of each variable object. It is well known that close neighbors blended with a variable star can mimic its variability.
205 variable sources were found within the 3. ′′ 9 radius of the positions of Xray sources detected by the GBS project in the OGLE-IV dataset. These objects are very likely their optical counterparts.
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Additionally, we repeated the same procedure for the OGLE-III and OGLE-II datasets. Positions of 114 and 58 GBS X-ray sources point to OGLE-III and OGLE-II fields, respectively. Eleven additional X-ray sources could be checked in the OGLE-III dataset including nine objects located outside currently available OGLE-IV fields and two objects in the OGLE-IV "dead" zones. No variable objects were found, however, in the searched areas. For 30 variable objects selected in the OGLE-IV data search OGLE-III photometry was retrieved extending the photometric coverage of these candidates to over a decade.
Six X-ray sources not covered by the OGLE-IV data as well as two sources from OGLE-IV "dead" zones were checked in the OGLE-II photometric databases. One new variable was cross-identified with a GBS X-ray source. For 18 variable objects found in the OGLE-IV data search OGLE-II light curves could also be retrieved.
Additionally, because the OGLE-II photometry has brighter saturation level all saturated in OGLE-IV potential counterparts were rechecked in the OGLE-II databases (nine objects). Three new variables were found among this bright stars sample increasing the total number of variable objects -OGLE optical counterpart candidates to GBS X-ray sources -to 209.
Discussion
We performed tentative classification of each discovered variable star based on its photometric behavior. Initially, the variables were divided into two broad categories: those with periodic and irregular variability. From the former group a few sub-categories, sometimes overlapping, were then assigned.
The most numerous sub-group -81 objects -consists of spotted stars with characteristic pattern of photometric behavior resembling RS CVn type stars. In most cases, we register only the variability caused by spots (rotation, almost synchronized with orbital period in the binary systems) and their slow migration on the stellar surface. However, the classical eclipsing RS CVn type stars are also present in our sample. Typical light curves of spotted stars are shown in Fig. 2 .
The second group consists of pulsating red giants (OGLE Small Amplitude Red Giants, OSARGs, SemiRegular Variables, SRVs, Miras -cf. Soszyński et al. 2011b) -25 objects. Such stars can be members of X-ray binary systems with a compact companion and accreting processes. Fig. 3 presents typical light curves of objects from this sub-category.
Eclipsing stars subgroup includes 36 objects with clear eclipses. Contact and detached short period binary systems are usually chromospherically active due to fast rotation tidally synchronized with the short orbital period and as a consequence -strong X-ray sources. Upper panels of Fig. 4 show the sample light curves of stars from this class. Two RR Lyr pulsating stars, one of RRab and one of RRc type, were also found in the selected sample of variable stars. Although pulsating stars (Cepheids, RR Lyr) can potentially be soft X-ray emitters only a handful of Cepheids and RR Lyr stars have been detected in the X-ray band so far (Engle and Guinan 2012) . Our detection of the coincidence of the positions of two RR Lyr stars with Xray sources, could be thus an important discovery. However, we suspect that this may be a by chance coincidence. The number of RR Lyr stars detected in the typical Galactic bulge field analyzed in this paper is about 40 per 2048 × 4102 pixel OGLE-IV CCD chip according to Soszyński et al. (2011a) OGLE Catalog of Variable Stars. Thus, we may expect about two RR Lyr variable star detections in the probed circle of 15 pixel radius in about 700 random directions toward the Galactic center. Close examination of the finding charts also suggest a by chance coincidence -both RR Lyr stars are relatively far from the X-ray position, one almost at the boundary of the searched circle. The variability of the remaining periodic stars (48 objects) may be caused either by the orbital motion (ellipsoidal variations), if they are binaries, or by the rotation. In the case of ellipsoidal variation the real period is twice of that found. Typical examples of stars from this group are shown in the bottom panels of Fig. 4 .
Irregular variables form a separate group. This kind of variability may be an indicator of accreting systems like high or low mass X-ray binaries or nova-like variables (flickering). It cannot be ruled out, however, that some of the objects from this subgroup are actually quasi-periodic but the small number of observations collected so far prevented sound period detection.
It is also worth noticing that the optical counterpart to the GBS #2 source, which is a known Seyfert galaxy, GRS 1734-292 (Martí et al. 1998) , is classified as irregular variable. OGLE provides, thus, long term optical monitoring of this interesting AGN. Three examples of irregular variables from this subgroup, including the counterpart of GBS #2, are shown in Fig. 5 . We also found three classical cataclysmic variables, two typical dwarf novae and one Z Cam type star. Cataclysmic variables are well known X-ray emitters so the detection of these stars near the X-ray sources position clearly indicates that they are optical counterparts to these X-ray sources. Fig. 6 shows the light curves of these eruptive variables. Table 1 lists all the X-ray sources from the GBS catalog cross-identified with OGLE variable objects. For each optical counterpart candidate the OGLE equatorial coordinates and distance from the X-ray source (in arcsecs) are provided, its mean optical photometry (I-band magnitude, V − I color, if available), period in days in the case of periodic variable stars and classification. Entries of counterpart candidates found in the OGLE-II databases are marked with italic font.
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It should be noted that in the case of five X-ray sources from the GBS catalog more than one variable star were found within our search radius. The best example here is the X-ray source GBS #19 (Fig. 7) • Italic font entry highlights the counterpart candidates selected from the OGLE-II databases.
• Boldface GBS number highlights the cases when two variable stars are located in the search region.
• Variability type abbreviations: SP -spotted star, OSARG/SRV/MIRA -pulsating giant, E -eclipsing system, P -periodic system, RRLYR -RR Lyr pulsating star, CV -cataclysmic variable, I -irregular star, AGN -active galactic nucleus.
• The same optical counterpart candidates for two close GBS X-ray sources: GBS #16/GBS #515, GBS #303/GBS #304, GBS #483/GBS #1155, GBS #501/GBS #946.
fainter eclipsing system are detected very close to the X-ray position. Only further, preferably spectroscopic, observations may solve the cross-identification ambiguity in this case. However, it may turn out that both these stars are X-ray sources. A one day long flare of ≈ 1 mag amplitude observed on HJD = 2 455 349.7 and HJD = 2 456 071.7 in the eclipsing star may indicate stellar activity. On the other hand the light curve of the red giant resembles that of other X-ray binary systems. There are also four cases where two separate X-rays sources from the GBS catalog point very close to each other (e.g., #16 and #515 are separated by only 3. ′′ 3). In such cases the same optical variable stars are selected as potential counterparts to these X-ray sources. Additional observations can resolve the issue of the real connections of the sources in such cases. Fig. 8 shows the histogram of the angular distances between the OGLE equatorial coordinates of the counterpart candidates and their X-ray positions in 0. ′′ 1 bins. It is clearly seen that for the vast majority of objects the coincidence of positions is better than 1 ′′ . In the remaining cases it is possible that the X-ray coordinates are less accurate or a variable optical candidate is aligned by chance on the sky with the corresponding X-ray source. Conservative selection of the 15 pixel (3. ′′ 9) radius ensures high completeness of our search.
Finally, it is worth noticing that in the case of 19 X-ray sources where we did not find any optically variable objects in their neighborhood, the position of the X-ray source points with a high accuracy -better than 0. ′′ 75 -to a well separated Table 1 can be a good starting point for further follow-up observations of the selected optical counterparts. In particular extracting new low-mass and massive X-ray binaries would be of great importance for further studies of these objects in the Galactic center environment. We plan to include a subsample of the most interesting objects presented here to the list of objects monitored regularly by the OGLE XROM system . This can facilitate follow-up observations providing information on the current optical behavior of the observed objects.
Data Availability
The OGLE-IV photometric data presented in this paper are available to the astronomical community from the OGLE Internet Archive: 
